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ABSTRACT 


The object of the present study was to determine whether: 

(1) bacteria can migrate through petroliferous formations found 
in Alberta. 

(2) there is any correlation between the permeability of the 
formation and the rate of migration. 

(3) the presence of oil in the formation has any effect on bacterial 
migration. 

Oil was extracted from the various cores using carbon tetrachloride 
as the solvent in a Soxhlet apparatus. Completion of the extraction 
was determined by spectrophotometric methods. 

Serratia marcescens, used as the test organism, was labelled with 
radiophosphorus and migration through the various cores was studied. 

The loss of the P°* from the labelled cells during the migrations period 
is shown to be low. After migration had proceeded for 48 hours, the 
cores were split along the longitudinal axis. A replica of the viable 
test organisms on the split surface was made by pressing the split sur- 
face into nutrient agar and subsequent incubation of the agar plate. 
Detection of accumulated labelled test organisms along the split surface 
was made by Geiger-Muller tube readings and autoradiography. 

The test organism was found to migrate through the various petroli- 
ferous formations whether oil was present or not and without correlation 


to permeability or per cent effective porosity. 
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INTRODUCTION 

Numerous reports have been published on the penetration and 
migration of bacteria under increased pressure through porous systems 
(see Woodhead and Wood, 1894, 1898; Warren and Mudd, 1924; Merkt, 1943; 
Plummer et al, 1944; Plummer and Walling, 1946; Fekete, 1959; and 
Raleigh, 1962). Recently Myers and McCready (1964b) studied the penetra- 
tion and migration of Serratia marcescens under atmospheric pressure 
through Berea sandstone. 

Numerous species of viable bacteria have been found in various 
petroliferous formations, (see Zobell, 1952, 1959). Some of these 
bacteria can be advantageous to the petroleum industry, (see Zobell, 
1947 a, b; and Robinson, 1963), others can be disadvantageous (see 
Merkt, 1943; Zobell, 1946, 1959; Lada, 1959; Foster, 1962; Ashirov 
and Sazonova, 1962; and Myers and Slabyj, 1962). Water injection is 
used to a great extent during secondary oil recovery.* The waters used 
for this operation have been found to be highly contaminated with various 
micro-organisms, (see Myers and Slabyj, 1962) which can plug the forma- 
tions, (see Merkt, 1943; Beck, 1946, 1947; Lada, 1959; and Fekete, 1959). 
These data have provoked the present study to determine whether bacteria 
could migrate through oil-containing and oil-extracted cores taken from 
various petroliferous formations of Alberta. 

A modification of the technique, developed by Myers and McCready 
(1964b), for studying penetration and migration of a motile organism 


through porous material was used in the present study. 


*See "Monthly Statistics" Alberta Oil and Gas Industry, March 1964. 
Oil & Gas Conservation Board, Calgary, Alberta. 
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This thesis is divided into two main parts; Part I deals with 
the development of a method for labelling Serratia marcescens with 
radiophosphorus which would supply cells which have a significant 
label for tracing and yet do not leach enough label to affect the 
results. Part II deals with the studies of penetration and migration 


of the labelled organism through the various cores. 
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PART I 
EXPERIMENTAL 

The organism used in these studies was Serratia marcescens, 

Bizio ATCC (American Type Culture Collection) #272 or NCTC (National 
Collection of Type Cultures) #1377. 

The following experiments were designed to investigate various 
factors involved in labelling Serratia marcescens with radiophosphorus. 
The objective was to culture the test organism in liquid medium con- 
taining a concentration of radiophosphorus high enough that the labelled 
cells would possess sufficient radioactivity to facilitate tracing of 
migration in cores of petroliferous formations. At the same time, the 
concentration must be low enough that the integrity of the cell is not 
adversely effected and the amount of p2° leached from the labelled 
cells is not sufficient to give false positive results. The experiments 
are presented under two headings: I Growth Characteristics and Radio- 
phosphorus (P32) Assimilation by Serratia marcescens and II Radiophos- 


phorus (p22) Retention by Serratia marcescens. 


I Growth Characteristics and Radiophosphorus (p32) 
Assimilation by Serratia marcescens 

Growth Characteristics 

Three methods were employed in these studies: 

(i) Bacto nutrient broth containing 0.5% w/v glucose was dispensed 
in 150 ml volumes in 500 ml flasks. Each flask was inoculated with 0.3 
ml of an 8 hour broth culture of Serratia marcescens. The flasks were 
incubated in the constant temperature bath of the Warburg apparatus at 


30°C for 13 hours. Special aluminum flask holders (similar to those 
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used by Runyan and Geyer, 1963) which would attach to the monometer 
fittings of the Warburg apparatus, were designed for these experiments. 
At one hour intervals, 0.2 ml of the growing culture was removed and 
serially diluted; 0.1 ml of each dilution was then plated out on nutrient 
agar plates to determine the number of viable cells. 

(ii) Flasks containing inoculated medium as described above were 
agitated in an Eberbach water bath shaker at 120 cycles/min. at 30°C 
for 13 hours. Viable cell counts were done as described, 

(iii) The same amount of medium and inoculum was used for culturing 
in stationary Roux bottles at 30°C for 13 hours and viable counts were 
done as described. The results of these experiments are presented in 


Table I and illustrated graphically in Figure l. 


TABLE I 
VIABLE CELL COUNT OF SERRATIA MARCESCENS 


(A.T.C.C. #272) (INCUBATED AT 30°C) 


GROWN IN: 
Duration Warburg Controlled Roux 
of Water Bath Temperature Bottle 
Incubation (cells/ml) Water Bath Shaker (cells/m1) 
(Hours) (cells/ml) 
O 4.9 X 10 Zea x 10¢ ay doe 10 
7 5.3 X 10 4.9 X 10 2.0 X 107 
2 1.7 X 10° 8.8 x 10° 3.4 X 10 
3 5.8 x 10° 47x lof 1.0 xX 10? 
i, 2.2 X 10° 2.1 X 108 3.6 X 102 
5 7.5 X 10° 7.6 X 10 2.2 X 108 
6 2.7 X 102 2.7 X 102 3.4 X 108 
2 4.9 X 10? 4o7 X 10? 5.0 X 105 
8 5.8 X 102 5.7 X 10? 8.1 X 105 
9 6.1 X 10? 6.0 X 102 7.4 X 10 
10 6.2 X 102 6.1 X 102 1.3 X 102 
11 6.2 X 102 6.1 X 102 1.5 X 102 
12 6.3 X 102 6.3 X 102 1.9 X 10? 
13 6.3. X 10 6.2 X 10? 2.8 X 107 
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FIGURE I 
VIABLE CELL COUNT OF SERRATIA MARCESCENS (ATCC # 272) 


(INCUBATED AT 30°C) 
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From the results presented in Table I and illustrated in Figure l, 
it can be seen that the growth in the mechanically aerated cultures 
follows the classic growth curve. The time required for Serratia 
marcescens to reach the stationary growth phase is approximately eight 
hours and the maximum concentration of cells is the same for both methods. 
The growth of Serratia marcescens in Roux bottles on the other hand is 
much slower. The logarithmic growth phase begins to decrease after eight 
hours of incubation. The viable cell count continues to increase for 
approximately 13 hours and the maximum concentration of cells is less 
than was obtained in the mechanically aerated cultures. 

Radioactive Phosphorus (p2°) Assimilation Studies 

Radioactive phosphorus (HzP7°O), in dilute HCl) obtained from the 
Atomic Energy of Canada Limited, Chalk River, Ontario, was added toa 
known volume of the medium. Three one ml aliquots were removed and dried 
on planchets and counted to determine the amount of radioactivity available 
in the medium for cell assimilation. The medium was then inoculated with 
cells from an eight hour broth culture. The cultures were incubated at 
30°C for eight hours in the constant temperature water bath shaker, or, 
when Roux bottles were used, in the 30°C incubator. After incubation, 
viability counts were done as previously described. Simultaneously, the 
cells were harvested using a Servall refrigerated centrifuge at 4°C at 
10,000 rpm for ten minutes, resuspended in distilled water and washed 
three successive times to remove any loosely bound phosphorus. The pre 
assimilation was calculated by resuspending the washed cell pellet ina 
known volume of distilled water and counting the radioactivity of three 


one ml aliquots of the suspension dried on planchets. 
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The counts were determined by using a Nuclear Chicago Model 
186 A Decade Scaler at an operating voltage of 550 volts and a sen= 
sitivity setting of 250 with a Model D-29 Geiger-—Muller Tube which 
has a 1.4 mg/cem@ mica window. P32 assimilation was calculated as 
e/m 10? viable cells and also on a percentage basis by dividing the 
total count of radioactivity in the cells by the total radioactivity 
count of the original medium and multiplying by one hundred. All 
counts made were extrapolated to time zero by the use of the P3< 
decay factor* unless the experiment was of less than 24 hours in 
duration in which case all samples were saved and counted at one time. 

Effect of the Concentration of P?< on the Viable Cell Count and 


the Amount of P?~ Assimilated by Serratia marcescens, 


This study was done in an effort to find the optimal concentration 
of radioactive phosphorus in the medium which would allow Serratia 
marcescens to grow and assimilate sufficient P22 to facilitate tracing 
of the labelled cells and still have a minimal lethal effect on the 
cells. After considering the effect of the specific activity of p32 
on the cell viability shown by Fuerst and Stent (1956), Myers and 
McCready (1964a), used a concentration of 10,0 microcuries (yc) 

P32/300 ml of media for labelling Serratia marcescens, Possibly a 
greater amount of P22 could be assimilated by Serratia marcescens 
without an increased lethal effect if a slightly greater concentration 


of P2* was used in the growth medium. 


* See "Radiological Health Handbook", Revised September 1960. Edited 
by Division of Radiological Health. Published by U. S. Dept. of Health, 
Education and Welfare, Washington, D.C. 
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Cells were grown in Roux bottles and flasks (to be incubated in 
the controlled temperature water bath shaker) in nutrient broth con- 
taining 0.5% w/v glucose and varying concentrations of P32 ranging 
from 0 to 12.5 pe P32/150 ml of medium, The cultures were incubated 
for eight hours at which time viability counts were done as pre- 
viously described, Simultaneously the percentages of P22 assimilation 
by the cells grown in varying concentrations of P32 were determined 
as well as the c/m 109 viable cells. The results are summarized in 


Tables II and III. 


TABLE II 
EFFECT OF THE CONCENTRATION OF P?* IN THE GROWTH MEDIUM 
ON THE VIABLE CELL COUNT AND ON THE AMOUNT OF P24 
ASSIMILATED BY SERRATIA MARCESCENS 


(CULTURES GROWN IN ROUX BOTTLES AT 30°C)* 


pe P22 Radio- Radio~ Per cent Viable Radio- 
per 150 m1 activity activity p32 cell activity 
media of media of cells assimilation count /ml of cells 
c/m c/m X 10-9 c/m 10? cells 
@) @) ) @ 4.80 0 
540 441, 600 102,600 23.23 hod 141.03 
75 673 5350 149 54.00 22.19 483 206.21 
10.0 883 ,350 200,100 22.65 he 7h 281,58 
12.5 1,185,600 252,600 21.31 ity 353.14 


%* Results are tabulated in detail in Appendix B, Table I. 
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TABLE III 
EFFECT OF THE CONCENTRATION OF P2° IN THE GROWTH MEDIUM ON THE 
VIABLE CELL COUNT AND ON THE AMOUNT OF P2° ASSIMILATED BY 
SERRATIA MARCESCENS 
(CULTURES GROWN IN 500 ML. FLASKS AT 30°C IN EBERBACH 


WATER BATH SHAKER) * 


pe P22 Radio- Radio- Per cent Viable Radio- 

per 150 ml activity activity pe cell activity 
media of media of cells assimilation count/ml of cells 

c/m c/m X 1077 c/m 10? cells 

0 @) @ @) 8.6 0 
Bo 588 ,600 243,94 47 44 8.75 185.88 
ee 916 , 800 37 5,05e 40.97 8.87 242.32 
10.5 1 650, 500 485 ,684 4.21 8.5 280.92 
12.5 1,522,950 586,579 38.51 8.4 465.46 


* Results are tabulated in detail in Appendix B, Table II. 


The effect of aeration on the growth of Serratia marcescens is 
again seen in the results shown in Tables II and III where the viable 
count of the aerated cultures is almost twice that of the Roux bottle 
cultures. The range of pee concentration used in the growth medium 
in this experiment does not seem to have any great effect on the 
respective viable counts. The per cent p-* assimilated by the aerated 
culture is also almost twice the per cent p2* assimilated by the Roux 
bottle grown cells, however, as shown in the last column in Table II 
and III, there is no great increase in the radioactivity of the individual 
cell. Serratia marcescens assimilates approximately 40% of the available 
pe in the growth medium when grown in the Eberbach water bath shaker at 


120 cycles/minute at 30°C for 8 hours. 
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Effect of the Concentration of Glucose on the Viable Cell Count 

and the Amount of P** Assimilated. 

Myers and McCready (1964a) found that the glucose concentration in 
the medium affected the amount of P-© assimilated by Serratia marcescens. 
A 1.0% w/v glucose concentration was more stimulatory than 1.5 and 2.0% 
w/v glucose concentrations. However, results using concentrations of less 
than 1% w/v glucose were not reported. In this study, 150 mls of nutrient 
broth containing 5.0 pe pe and varying concentrations of glucose varying 
from 0 to 1.0% w/v in 500 ml flasks were inoculated with eight hour broth 
culture cells of Serratia marcescens and incubated at 30°C for eight hours 
in the Eberbach water bath shaker. Viability counts and pe assimilation 
studies were carried out as already described. The results are given in 
Table IV and Figure 2. 

TABLE IV 
EFFECT OF THE CONCENTRATION OF GLUCOSE IN THE GROWTH MEDIUM ON THE 
VIABLE CELL COUNT AND THE AMOUNT OF P?* ASSIMILATED BY 
SERRATIA MARCESCENS * 


(5 pe P22/150 ml Media was used for the Radioactive Assay) 


Per cent Radio- Radio- Per cent Viable Radio- 
w/v activity activity pe cell activity 

Glucose of media of cells assimilated count/ml of cells 

c/m c/m E1979 c/m 102 cells 

Control fe) fe) ) 5.8 @) 
@) 354,000 88 ,500 25.00 4.75 124.47 
Os2 352,050 105, 300 29.91 4.93 142.39 
0.2 354,000 113,280 32.11 4.87 155.07 
0.3 337,200 123,780 36.71 5.09 162.12 
0.4 346 ,800 133,080 54 57 543 163.38 
0.5 331,650 137,790 41.55 5.5L 166.71 
0.6 322,800 135,690 42.04 5.67 159.55 
0.7 318,450 122,010 38.31 Bebe 139.76 
0.8 309 ,600 119,010 38.44 5.79 TIPL05 
0.9 308 ,550 108 ,660 35 .ce 5.76 125.76 
1.0 309 ,750 100,860 32.56 5.79 116.13 


* Results are tabulated in detail in Appendix B, Table III. 
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It is evident from the results presented in Table Iv and illus- 
trated in Figure 2, that a concentration of 0.5% w/v glucose was most 
stimulating toward p2¢ assimilation by Serratia marcescens. Glucose 
concentration also influenced the cell yield as is seen by a study of 
the results listed in the last two columns in Table IV. Thus, increased 
per cent p2¢ assimilation with increased glucose concentration does not 
mean that there is an increased P2¢ assimilation by the individual cell 
Since there is also an increase in cell count with the increased glucose 
concentration. 

Effect of Incubation Time on P?° Assimilation and Cell Viability. 

It was found in previous experiments that the logarithmic growth 
phase of an aerated Serratia marcescens culture ended at approximately 
eight hours, (see Figure 1). It was of interest to determine whether 
p2° assimilation parallels the growth curve of the organism or occurred 
after tell formation. To determine this, 210 ml volumes of the nutrient 
broth containing 0.5% w/v glucose were dispensed in each of two 500 ml 
flasks. 7.0 pc pe was added to one flask. Three one ml samples of 
the medium were removed from each flask, dried on separate planchets 
and the amount of pe available for assimilation was determined by count. 
The media was then inoculated with cells from an eight hour broth culture 
andincubated at 30°C in the controlled temperature water bath shaker. 

At zero time of incubation and at each hour thereafter for 14 hours, 

10 ml aliquots were removed from each culture, the cells harvested by 
centrifugation at 10,000 rpm for 10 minutes, washed three times and 
resuspended in 10 ml of distilled water. Three one ml volumes of each 
suspension were removed and dried on planchets for counting. The amount 


of P22 assimilated was correlated with time of incubation. Simultaneously, 
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titrations were done for viable cell counts. The results are pre- 


sented in Table V. 


TABLE V 
EFFECT OF INCUBATION TIME ON VIABLE CELL COUNT AND THE AMOUNT OF 
pee ASSIMILATED BY SERRATIA MARCESCENS INCUBATED IN A 


CONTROLLED TEMPERATURE WATER BATH SHAKER AT 30°C* 


(Test Media Prior to Inoculation had a Total Count of 55,880/min) 


Hours Radio- Per cent P Radio- 
of activity p Lee gl a ecreng ha activity 
Incubation of cells assimilated Control Test of cells 
c/m c/m 109 cells 
0 0 O 9.2 x 10° 9.5 x 10° 0 
1 0 0 1.09 X 10° 1.17 x 10? 0 
Z 0 0 3.73 X 10° 3.63 x 10? 0 
3 840 LH RIIS 10 9.76 X of 40.98 
k 2,100 -38 2.27 X10 2.13 X 108 46.95 
5 9,030 1.64 MAX tO"! 9375+%"10 55.63 
6 39 690 7.19 2.52 X102 2.96 x 102 63.85 
7 105, 840 £9: 78° *""BloneK 1% Serge 16709711 
8 213,990 38.77 5.83 X 102? 5.99 xX 10% 170.12 
9 22h ,280 ho.64 6,32 X 102 6.27 X 102 170.33 
10 223,230 4o.45 6.17 X 102 6.33 X 102 167.93 
11 219,030 39.69  6.29X 102 6.23 xX 10% 167.42 
12 221,970 4.22 6.26 X10? 6.31 X 102 167.51 
13 216,720 39.27 6.34 X 102 6.29 x 102 164.07 
14 218 ,610 39.61 6.26 X 109 6.27 X 109 166.03 


* Results are tabulated in detail in Appendix B, Table IV. 


a 


WO THOMA QW atk tied LD cial irene | a. 
A WL aan: vevasneamureen: 4, ae 
“D'OR Th ARRARG thea snk aSinacenT Pr 


val jeby dass 
(erin NOSE EZ To snot’ Lejo? ec bart nciaatovbus ot “ee 


7 
~) 7 
~otbet 7. : 
edivivor 7mm flo algaly - @ 
7 tno lerstro0 : 7 


sen 
=) ole 


p £xX 0 “ory s.k 
: e ; - Se L-OG.T 
. pS Sie 
Ae. Tote By.8 é 8 
bd Pte Boi ae XK G.t 
ete Mor perce ee i 
Se Ba t. Poe : Se5 
. % i PSooce 
cess Coreen Gerais 
ae, . TAL a. Vaeek: 
tines abt goa. OL XPS ,e 
Cay Meee ee 
reae SOL fee 

#0. ane £x.vS.6 “or x os. 


—) 


It can be seen from the results presented in Table V that the 
p25 assimilated by Serratia marcescens is related to its growth, 
P?° assimilation being most active during the end of the logarithmic 


growth phase. 


II Radiophosphorus (P2°) Retention by Serratia marcescens. 


Stability of the pe Label at Room (23-25°C) and Refrigerator 


(4°C) Temperatures. 
Myers and McCready (1964b) found water to be the best vehicle 


for studies of the migration of Serratia marcescens through Berea 
Sandstone since it allowed the least amount of pe to be leached. 

The present studies were undertaken in order to determine the per- 
centage of the assimilated radiophosphorus which can be found in 

the supernatant fraction of a suspension of labelled cells after 48 
hours since the subsequent migration studies of labelled cells through 
petroliferous formations were to extend for this length of time. 
Supernatants of suspensions of the different petroliferous formations 
in demineralized water were used as vehicles in this study so that any 
effect of soluble materials from these formations on the amount of 

p22 lost from labelled Serratia marcescens would be apparent. 

Samples of the various oil-bearing formations (Pekisko-limestone, 
Cardium-sandstone, Beaverhill Lake-limestone, Belly River-sandstone 
and Viking-sandstone) from which cores were prepared for migration 
studies of Serratia marcescens were each crushed to a fine powder by 
mortar and pestle. Twenty-five grams of each powder was suspended in 


150 ml of demineralized water. Each suspension was mixed for 24 hours 
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by constant stirring on a Scientific Glass apparatus Magnestir No. 
S-6910. The suspension was allowed to stand till the supernatant 
cleared at which time 100 mls of each was removed and sterilized by 
autoclaving. Labelled cells (Serratia marcescens grown in nutrient 
broth containing 0.5% w/v glucose and 5.0 uc p2°/150 ml) were then 
suspended in each 100 ml of supernatant. To determine the amount of 
p2- leached from the cells as a function of time, 10 ml aliquots of 
each suspension were removed at O time and at l2 hour intervals there- 
after for 96 hours. The cells were immediately harvested by centri- 
fugation at 10,000 rpm for 10 minutes in the Servall RC-e refrigerated 
centrifuge at 4°C and three 1 ml samples of each supernatant were 
removed and dried on planchets for counting. Knowing the original 
radioactivity of the cells in c/m, the per cent radioactivity leached 
from the cells during the experiment was calculated. These studies 
were done at room temperature (23-25°C) and under refrigeration at 


4°C, The results are presented in Tables VI and VII. 
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TABLE VI 
p= 
PER CENT LEACHED FROM SERRATIA MARCESCENS 


AT ROOM TEMPERATURE (23-25°C)* 


Cells Suspended in Supernatants of: 


Hours of Belly Beaverhill 
Suspension River Viking Cardium Pekisko Lake 
fe) 0.34 0.41 0.81 0.72 0.96 
12 4.36 3.04 4.97 3.95 449 
2k 5.68 5.45 6.86 5.39 5.72 
36 742 7039 7°73 a.l7 753 
48 9.19 9.07 10.85 10.68 9.01 
60 12.09 11.45 12.07 12.63 11.99 
72 16.84 15.89 16.37 16.60 15.72 
84 19,25 18.79 18.62 20.14 19.3 
96 21.65 22.20 20.70 22.40 21.3 


*Results are tabulated in detail in Appendix B, Table V. 


TABLE VII 
PER CENT p> LEACHED FROM SERRATIA MARCESCENS 


AT REFRIGERATOR TEMPERATURE (4°C)* 


Cells Suspended in Supernatants of: 


Hours of Belly Beaverhill 

Suspension River Viking Cardium Pekisko Lake 
fe) 1.00 0.93 0.87 0.89 0.87 
12 4.51 5.02 4.00 3.94 3.97 
2k 476 5.37 4 82 4 9 4.61 
36 6.39 7.47 5.05 4.77 5.02 
48 i es | 747 6.56 ie oS 
60 8.77 8.52 I be yee, : 
72 8.39 9.74 8.94 8.42 8.86 
84 Pee 410 10.08 9.70 10.08 
96 9.91 dls2/7 10.69 10.28 10.62 


* Results are tabulated in detail in Appendix B, Table VI. 
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It can be seen from a comparison of the results given in 
Tables VI and VII that during the 96 hour duration of the experi- 
ment, a significant increase (average of 11.16%) occurs in the 
amount of pe leached at room temperature (23-25°C) over the amount 
at refrigerator temperature (4°C). From Table VII, it is predicted 
that approximately 8% of the label could leach from the labelled 
cells in suspension during migration studies carried out at 4°C 
for 48 hours. 

The Effect of the Concentration of pe in the Growth Medium 

on pe Retention and Viability of Serratia marcescens in 

Demineralized Distilled Water Suspension at 4°C. 

pre labelled cells were to be used subsequently for migration 
studies. Therefore, it was necessary to determine the effect of 
the P2¢ concentration in the growth medium on the viability and 
leaching rate of p?* from the water suspended cells. In the pre- 
vious experiment (Tables VI and VII), it is shown that a lower per- 
centage of the assimilated pe is lost from labelled Serratia 
marcescens cells when they are stored at 4°C then when they are 
stored at 23-25°C. Also from preliminary studies, it is obvious 
that the cells assimilate a constant percentage of the available pie 
when grown under conditions such that the cell yield is constant. 
Thus, cells grown in a medium of high specific activity* necessarily 
assimilate a greater amount of p22 than the cells grown in a medium 
of low specific activity. For migration studies, it is preferable 


to use organisms grown in a high specific activity medium since 


* Specific Activity (S/A) = yg. P2°/ag. total phosphorus. 
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they possess greater radioactivity. However, the obvious questions 
as to the stability of the label in the cells and the effect of the 
increased label on the mortality of cells remain to be answered. 

In the present experiment, nutrient broth was used containing 
0.5% w/v glucose and various concentrations of p2e ranging from O to 
20.0 pc/75 ml. The medium was inoculated and incubated as previously 
described. The cells were harvested, washed, resuspended in 75 ml of 
demineralized distilled water and stored at 4°C for 72 hours. At O 
time and at 12 hour intervals thereafter, viable counts were made and 
the per cent pre lost from the cells determined. The results are 


given in Table VIII and illustrated graphically in Figure 3. 
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FIGURE 3 
EFFECT OF THE CONCENTRATION OF P2© IN THE GROWTH MEDIUM ON THE 


VIABLE CELL COUNT OF THE LABELLED CELL SUSPENSION AS A FUNCTION OF TIME 
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It can be seen from a study of the results shown in Table VIII 
that the per cent of pe leached from labelled Serratia marcescens 
increases as the concentration of pe in the growth medium increases. 
Also the results given in Table VIII and Figure 3 show that cells 
grown in media with P° concentration of 2.5 and 3.75 pe p22/75 m1 
of media have a mortality rate comparable with the mortality rate 
of cells grown in the absence of radiophosphorus. Cells grown in a 


media of high P2 concentration have a higher mortality rate. 
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DISCUSSION 


Growth Characteristics of Serratia marcescens. 
velratia Marcescens 


The increase in the viable cell count of Serratia marcescens 
was studied as a function of time by the method of plating serial 
dilutions. This method has a number of inherent sources of error, 
however, since only a comparative study was intended, it was felt 
that the method used was adequate. Some technical error was elim- 
inated in the preparation of the 1.8 ml water blanks used for the 
dilutions, In preliminary studies, it was found that approximately 
0.25 ml of the water blanks evaporated during sterilization by auto- 
claving. Evaporation also continued during storage at 4°C. Thus, 
in the plate counts made from plating out O.1 ml of each dilution, 
one would arrive at a higher viable cell count than would be found 
if all the blanks contained exactly 1.8 ml of water at the time of 
dilution. This error was eliminated by aseptically dispensing the 
1.8 ml volumes of water into the sterile dilution tubes after, rather 
than before, autoclaving. 

As seen from Figure 1, Serratia marcescens growth followed the 
classic growth curve for bacteria, (see Salle, 1961). The difference 
in the curve for growth in the Roux bottles as compared to that 
obtained with shaking is likely due to the difference in the degree 
of aeration, (see Smith and Johnson, 1954). Aeration of aerobic 
bacterial cultures has a twofold effect. Firstly, there is the 
Pasteur Effect seen with microorganisms such as Serratia marcescens. 
Secondly, there is the physical effect brought about by the agitation 
which reduces clumping of the organism. 


The growth curves obtained by incubation of Serratia marcescens 
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in the Warburg apparatus and the Eberbach water bath shaker were 
comparable. Only the Eberbach water bath shaker was employed in 
subsequent experiments. 

Cells which have just reached the end of the logarithmic growth 
phase would be the most suitable for tracer studies since they have 
the lowest mortality rate (see Salle, 1961) and also have likely 


assimilated the maximal amount of pee (see McCready, 1963). Since 


the logarithmic growth phase ends at approximately 8 hours of in- 
cubation (see Figure i in subsequent experiments, cells were har- 


vested at this time, (see Part II), except when radiophosphorus 
assimilation was studied as a function of time. Incubation was 
then allowed to proceed for 14 hours. 

Effect of the Concentration of p> in the Growth Medium on 

the Viable Cell Count and the Amount of P9© Assimilated. 

Earlier studies showed that bacterial cultures either did not 
grow in medium containing a very high concentration of radiophos- 
phorus, (Fuerst and Stent, 1956, and Labaw et al. 1950), or there 
was a great loss of viability believed to result from disintegrations 
occurring in the bacterial DNA strands, (see McFall et al, 1958). 
Myers and McCready, (1964a) found that the assimilated radiophos- 
phorus remained at constant levels in Serratia marcescens with the 
label being distributed in the riboncleic acid, acid soluble, deoxy- 
ribonucleic acid and lipid fractions in decreasing quantities. Fuerst 
and Stent, (1956) suggested that the decrease in E. coli multiplication 
resulted from decay of pe atoms which had been assimilated into 
the cells and not from the radiation emitted by the extracellular 


pe . They found that when an intermediate specific activity of radio- 


SO 


7 | 7 - : | 
eS P ivad 9 Sew iaiauae a ae 


nt be ye dig bi Vorleiin Ate? sah aealtibah cy: 


idtwet olefdtengel oe! to kay amd eae rea wai on 
evaed youl cofts euitda: iwesett shy alee ae vt al 


ic) a 


Qiedtts overt cele Bae (EDS! , vitae ope) Nees Ubiaion te 
eonsh . FoPL pMhreniion aoe) has Apafct Leen Sesser ssid te 
end. ie aunatil SIU LWOY | ey ihe uv had wih 
wet sew ellos 6 tremiveqes  iaates adses at oy: 
carson code lin Gul Senate abe: S24 ena) , 

acw wortaidiont cmos to «Cte # ee barbvje Pat, ee , I 
sree HE eB? sasoeeg sf Sownlty 


Se. anAbOt fond ase at nelibor Aiwoud as at soles a a 


she TE Lin Las 

on /biadh acth ied epainatnn Gebeedione eine ae Lotbate 

“sergoiien tn qodsisiomonos Mit Yiev & gatatadiey mmbiem: 

emudt: to. (ORES elas de wevnl One ,O@OL .dasle bee foneut) <a con 

enclanapetnisio omxt. tikesan aj bovecied ysilidniv to ago sony Be 

ACOL qlie ae Shitol Son) <chaowde OM Latnotoied itt ak atime 
~oulge ther bodtLimteer usit deity tivo’ ‘(etoeL) eVoaetey ie 

got otv BHISS D7 hay LNSSSS Oey REIS" rigs ng ong TheJanes: Ha 


="eoob etenton biter é sbine — ay as 


toast? .antizinssp Antenorseb = 
noksand byt y Lean at a bl dueerob on uv 


= 1 ee 


phosphorus was used in the growth medium, cells which were slightly 
filamentous were produced. Since, in our experiments, there was 
neither a significant decrease in the viability nor any change in 
the bacterial morphology of Serratia marcescens grown in medium 
containing concentrations of p2© between O and 12.5 pe/150 ml., 
such cells should be suitable for tracer studies. 

Effect of the Concentration of Glucose in the Growth Medium 

on the Viable Cell Count and the Amount of P2© Assimilated. 

In preliminary studies, it was found that changes in the con- 
centration of glucose affected both the ps assimilation and the 
viable cell count. Myers and McCready (1964a) state that 1% w/v 
glucose in the culture medium stimulates phosphorus assimilation. 
However, in the present study where radiophosphorus assimilation 
is correlated with the viable cell count for concentrations of 
glucose ranging from 0 to 1.0% w/v in the medium (Table IV), the 
increase in viable count with increasing glucose concentrations 
is greater than the corresponding increase in p2* assimilation. 
Thus, the optimal concentration of glucose for poe assimilation 
is 0.5% w/v and actually, 10? viable cells grown in 1.0% w/v 
glucose have a lower level of radioactivity than 10? viable cells 
grown in the control (without added glucose) medium. 

Increased viable cell count of bacteria with increasing glucose 
concentrations has been seen with a number of organisms. DeMoss et al, 
(1951) and Sokatch and Gunsalus, (1957) showed a linear relationship 
between the dry weight of the organism grown and the glucose concen- 
tration of the medium with both Streptococcus faecalis and Leuconostoc 


mesenteroides. Bauchop and Elsden, (1960) show this same phenomenon 
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to be true with Pseudomonas lindneri, Saccharomyces cerevisiae and 
Propionibacterium pentosaceum. With Serratia marcescens, where there 
is also an increased yield with increased glucose concentrations, 

it is possible that there is a greater initial P22 assimilation 

in the form of ATP via oxidative phosphorylation, (see Bauchop 

and Elsden, 1960, and Niedhardt and Magasanik, 1956). 


Radiophosphorus (P32) Retention by Serratia marcescens. 


Using low concentration of p22 in the growth medium, Labaw 
et al., 1950 and Caldwell et al., 1950, showed that very little P?@ 
is lost from the growing cell, however, in our work with cell sus- 
pensions, (see Table VIII), there is a higher rate of P°~ loss by 
leaching with increased assimilation of p?*/10? viable cells, 

The generally accepted pathway for phosphate assimilation, (see 
Kamen and Speigelman, 1948; Labaw et al., 1950; Caldwell et al., 1950; 
Mitchell and Moyle, 1953; and Rothstein, 1959), is that the phosphate 
enters the cell by an esterification process at the cell membrane 
followed by mixing into the metabolic pool, From the metabolic pool, 
the phosphate is incorporated into metabolic pathway intermediates 
and is finally assimilated into the nucleic acids being more stable 
in the deoxyribonucleic acid fraction, (see Labaw et al., 1950). 

Thus it is agreed that the P32 lost from the cells is mainly from 
the metabolic pool prior to incorporation into the nucleic acid 
fraction if the cells are grown in medium of low specific activity. 
On the other hand, if cells are grown in medium of high specific 
activity, the P22 incorporated into the nucleic acid fraction may 
also be lost as a result of the disruption of DNA strands due to 


the breakage of ester links, (see Stent and Fuerst, 1955 and McFall 
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et al, 1958) 

It is also possible that glucose concentrations may affect the 
amount of leaching of the assimilated pe from Serratia marcescens 
as it does with Staphylococcus aureus and yeast. Rothstein, (1959), 
points out that when glucose is present, the phosphate moves into 
the cell at the same rate but almost none moves out. 

From our studies of leaching with Serratia marcescens, the 
single factor which has the greatest effect is the temperature, 
there being a lower loss of P22 at a lower temperature. Thus, 
subsequent migration studies (see Part II), were done at 4°C. 

Effect of the Concentration of P’* in the Growth Medium on the 

Pp2° Retention and the Viable Cell Count of Serratia marcescens 

in Demineralized Distilled Water Suspensions at 4°C. 

Earlier we have shown, (with regard to lethal effect) that pse 
concentrations ranging from O to 12.5 pc/150 ml of medium should 
be satisfactory for producing labelled cells intended for use in 
subsequent migration studies, (see Tables II and III). From the 
present studies, (see Table VIII), it is evident that leaching of 
p?* from the labelled cells grown in medium containing 2.5 to 6.25 
pac p22/75 ml is constant, and that the mortality rate is constant 
for cells grown in medium containing 2.5 and 3.75 pe p22/75 ml (see 
Table VIII and Figure 3). For these reasons, a concentration of 


7s Mc p22/150 ml of medium was used for labelling Serratia marcescens 


for subsequent migration studies. 
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CONCLUSIONS 
Subsequent to the results obtained in the foregoing preliminary 
studies on poe assimilation by Serratia marcescens, cells to be used 
in migration studies were grown in nutrient broth containing 0.5% 
w/v glucose and 7.5 pe p22/150 ml and incubated in the Eberbach water 


bath shaker operated at 120 cycles/minute at 30°C for 8 hours. 
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PART II 


EXPERIMENTAL 


PENETRATION AND MIGRATION OF pe LABELLED 
SERRATIA MARCESCENS IN CORES TAKEN FROM VARIOUS 


PETROLIFEROUS FORMATIONS OF ALBERTA 


MATERIALS AND METHODS 
The cores* used in our studies were one inch in diameter, 
three inches in length and cut parallel to the bedding plane. 


Various characteristics of those cores are given in Table II. 


* All cores were supplied by the Oil and Gas Conservation Board, 
Calgary, Alberta. 
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TABLE IX 
CHARACTERISTICS OF THE CORES FROM VARIOUS 
PETROLIFEROUS FORMATIONS OF ALBERTA 


1 Twinning Field, Pekisko Formation (Limestone) 


Core Permeability* Per cent** Oil Duration of *** 
No. mde effective Extraction Extraction 
Pore Space Hours 
. less than 0.1 + 384 
2 less than 0.1 42 - ) 
3 0.5 + 336 
h 0.6 . 0 
5 34.0 + 288 
6 41.0 10:4, - 0 
? 1540 + 360 
8 28.0 - O 
9 130 - @) 
10 15.0 - @) 
11 9.5 + 408 
iz 9.9 — O 
13 Gee + 384 
14 0.5 ~ O 
15 6.6 - O 


* Permeability - A porous medium has a permeability of one darcy 
when a single phase fluid of one centipoise viscosity that completely 
fills the voids of the medium will flow through it under conditions 
of viscous flow at a rate of one cubic centimeter/second sq. cm. 
cross sectional area under a pressure of one atmosphere/sq. cm. 


** Per cent effective Pore Space - Per cent volume of a medium 
made up of communicating pores available to the atmospher. 


*** See Appendix C. 


Permeability and Per cent effective Pore Space measurements were 
done by Core Laboratories-Canada Ltd., Edmonton, Alberta. 
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II Pembina Field, Cardium Formation (Sandstone) 


Core Permeability Per cent Oil Duration of 
No. md. effective Extraction Extraction 
Pore Space Hours 
i 2.5 + 168 
2 Lae 12.8 - 0) 
3 4.6 - 0 
4 667 hs pk + 192 


TII Swan Hills Field, Beaverhill Lake Formation (Limestone) 


Core Permeability Per cent Oil Duration of 
No. md. effective Extraction Extraction 
Pore Space Hours 
a ey - O 
2 less than 0.1 5u3 + 192 
Re o.5 - O 
h 36.0 + 216 
5 5060 - O 
6 306.0 16.9 ~ O 


IV Willesden Green Field, Belly River Formation (Sandstone) 


Core Permeability Per .cent Oil Duration of 
No. md. effective Extraction Extraction 
Pore Space . Hours 
di 6.6 - O 
= 9.7 - e) 
3 less than O.1 er ~ O 
h 28.0 20.9 - O 
5 0.8 + 168 


V Beaverhill Lake Field, Viking Formation (Sandstone) 


Core Permeability Per cent Oil Duration of 
No. md. effective Extraction Extraction 

Pore Space Hours 

1 283.0 19.2 - @) 

2 168.0 + 168 

3 143.0 - O 

L 118.0 - ) 

5 Sec 2O.ck ~ @) 
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Oil Extractions 

The cores in each group were paired according to permeability 
measurements and the oil was then extracted from one core of each 
pair. Thus, comparisons would be made of the migrations of labelled 
Serratia marcescens through extracted and non-extracted cores of 
similar permeabilities from the same formation. Oil extraction was 
done in a glass Soxhlet apparatus using technical grade carbon tetra- 
chloride as the solvent. Each core was subjected to a series of 24 
hour extractions. Depending on the size of the Soxhlet apparatus 
used, from 150 ml to 250 ml of solvent was used during each 24 hour 
period of extraction. A check on the degree of extraction was done 
spectrophotometrically using a modification of the method described 
by Hillis, (1937). Crude oil* from each formation was diluted in 
carbon tetrachloride to a concentration which could be scanned on 
aD.U. Spectrophotometer. Each crude oil exhibited maximal absorp- 
tion at a characteristic wave length. At the end of each 24 hour 
extraction period, the solvent was removed from the apparatus and 
the optical density was ee (at the wave length of maximal 
absorption as previously determined for the particular crude oil) 
and compared with the optical density of carbon tetrachloride alone. 
Fresh solvent was used for each 24 hour extraction. When no measure- 
able absorption by the solvent in excess of the control could be de- 
tected, the extraction was assumed to be complete** The cores were 
then removed and dried in a vacuum of 770 mm. of mercury for 24 hours 


* Crude oil samples were obtained from the Oil and Gas Conservation 
Board, University of Alberta, Edmonton. 


** Optical density measurements for each 24 hour extraction sample 
of the different petroliferous formation cores extracted are given 
in Appendix C. 
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at room temperature (23-25°C). 

Toxic Effects of Extracted and Non-Extracted Core Material on 

Serratia marcescens. 

Since migration of the labelled viable bacteria was to be com- 
pared through both oil-extracted and non-extracted cores, it was 
necessary to determine whether the oil-extracted or non-extracted 
core material had any toxic effect on the bacteria. For this study, 
the bacteria were grown in nutrient broth containing 0.5% w/v glucose 
0d 7*o pe p?*/150 ml. The labelled cells were harvested, washed 
three times and resuspended in demineralized distilled water. ‘Twelve 
such suspensions were prepared. To each of five suspensions was added 
25 grams of ground core material from one of the five formations being 
studied. To each of five of the remaining suspensions, 25 grams of 
ground oil-extracted material from the same formations were added. 

One suspension was left as a control without any added core material 
and to the remaining suspension was added 25 grams of washed ground 
core material from a non-petroliferous sandstone (Berea). A viable 
cell count was done on the suspension in each flask at O hours and 
after a 48 hour period of storage at 4°C. The decrease in the viable 
count over the 48 hour period is comparable for all the suspensions 
tested (see Table X). The decrease in the viable cell count for all the 
suspensions is also comparable with that found in previous experiments 
when 7.5 pe p2°/150 ml of medium was used (See Table VIII, Part I). 
There does not seem to be any great difference between the decrease in 
the viable count in the non-extracted petroliferous samples and the 
decrease in the viable count in the extracted petroliferous samples 


over the 48 hour period. 
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Core Preparation 


The external perimeter of each core was sealed with epoxy resin, 
(see Myers and McCready, 1964b), to prevent evaporation of fluid 
from the surface during the experiments. Three portals, 1/4 inch 
in diameter, were drilled through the epoxy coating to the core 
surface along four longitudinal axes of the core at 90° intervals 
around the circumference. The first portal along each axis was 
drilled 1 144 inches from the end of the core at which the bacteria 
would enter and the others were drilled at 3/4 inch intervals. 

The prepared cores were then subjected to a reduced pressure 
of 770 mm. of mercury for 24 hours at room temperature (23-25°C). 
Subsequently, the vacuum was broken to allow the evacuated core to 
equilibrate at atmospheric pressure. During the core equilibration, 
cells were grown, harvested and washed as previously described, (see 
Part I). The washed cell pellet was resuspended in sterile deminera- 
lized distilled water to give a final volume of 130 ml. A sample 
was taken for plate count determination and three 1 ml samples 
were dried on planchets for p32 assimilation determination. A 
measured volume, (65-75 ml), of the labelled cell suspension was 
transferred to the lucite core holder, (see Myers and McCready, 1964b). 
The prepared core was removed from the dessicator and placed in the 
lucite core holder. Suspension of the cells was maintained by 
bubbling air through the slurry during the migration experiment. 
The lucite core holder, viable labelled cell suspension and core 
were kept at 4°C during migration studies to minimize leaching, 


(see Part I). Since preliminary experiments indicated the presence 
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of labelled viable organisms on the outer surface of the epoxy coat- 
ing during the experiment, preventative measures were required. Thus, 
at the end of the migration experiment (48 hours), the core was re- 
moved from the core holder, swabbed with 1% Dettol in ethanol and 
flamed to kill any bacteria on the external surface. The core was 
then scored longitudinally at O° and 180° of the circumference with 

a faceter diamond saw. The core was again swabbed with the disin- 
fectant, flamed and split longitudinally mas sterile strap iron 

and a hammer, (see Myers and McCready, 19640) . 

The volume of the labelled cell suspension remaining in the lucite 
core holder at the end of the migration experiment was measured in 
order to calculate the amount which had passed into the core. A 10 ml 
volume of the remaining slurry was centrifuged and three 1 ml samples 
of the supernatant were removed and dried on planchets in order to 
determine the per cent of the radioactive label leached during the 
48 hour migration period. Three 1 ml volumes of the remaining slurry 
were dried on planchets so that the amount of pre remaining in the 
suspension could be calculated in order to estimate the number of 
cells which had migrated into the core. 

Measurement of Bacterial Migration 

a) Initially we attempted to follow the method described by Myers 
and McCready (1964b), to determine the rate of bacterial migration 
through the various cores. Readings were taken at each portal at O 
time (background reading) and after each 8 hour interval for 48 hours. 

b) The freshly split cores were placed split surface down on 
thick 1.2% agar and pressed firmly into the agar. The core was 


immediately removed and the agar plate incubated for 24 hours. 
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The extent of migration was determined by measuring the distance from 
the end of the core which had been in contact with the labelled cell 
suspension to the upper limit of growth of Serratia marcescens. 

c) The degree of penetration was also measured by determining the 
radioactivity at various locations on the split surface of the core. 
All radioactivity measurements were done with a G-M tube fitted 

with a plastic cap having a hole 1/8 inch in diameter through the 
centre. Counts on the split surface of cores were taken by placing 
the G-M tube in direct contact with the core surface at fixed locations 
along the longitudinal axis, (1/2", 1 1/4", 2" and 2 3/4" from the 

end of the core through which the slurry entered). At each location, 
radioactivity was measured for three minutes and recoreded as counts 
per minute in excess of background. Only counts 10% above background 
were considered significant. 

d) Autoradiography, according to the method described by McCready (1963), 
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was employed to show the presence of accumulated P~ in the core. The 
split surfaces of cores were allowed to remain in contact with x-ray 
film in a light tight box for a period of two weeks. The exposed x-ray 
film was removed in the dark and developed by a vividol developing solu- 
tion. The negative was then used to make contact prints. (see 
Appendix A for developing procedures). Results of the migration studies 
are given in Tables XIII to XVII and illustrated in Plates 2 to 13. 
Estimation of Effect of Core Thickness on Radioactive Determinations 
Absorption studies using various thicknesses of core material were 
done. A 1/4 inch thickness of epoxy resin through which a 1/4 inch 


diameter hole had been drilled was placed between the G-M tube and 


a source of p*, (see Figure 4 for an illustration of the apparatus). 
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FIGURE 4 
APPARATUS FOR MEASURING ABSORPTION OF 


BETA RADIATION BY CORE MATERIAL 


G-M Tube 


1/4" diameter hole 
Epoxy Resin 


Core Material 


p22 Source 


SO MOLTSACRIA OTT EASON 
P 


JAURITAM SHOo Yeas 
*%. 


= BOM 


Different thicknesses of core material were placed between the rad- 
iation source and the epoxy resin and the disintegrations reaching the 
G-M tube were measured. The radiation reaching the G-M tube without 
any core material between the source and resin was recorded as the 
control. In the case of a P2< source, (a Beta-emitter), it is diffi- 
cult to find the absolute thickness of core material which absorbs all 
the Beta particles emitted because of "bremsstrahlung". Bremsstrahlung 
is electromagnetic radiation which results during absorption of Beta 
particles when the Beta particles change their velocity in the field 

of the atomic nuclei. Due to the bremsstrahlung, a tailing of the 

curve is observed when one plots counts/minute against the core material 
thicknesses used for absorption. The end point or core material thickness 
for complete absorption is estimated by extrapolation from the linear 
portion of the curve. The results are shown in Table XI and the 


extrapolation in Figure 5. 


TABLE XI 


ESTIMATION OF THE EFFECT OF CORE MATERIAL 


THICKNESS ON RADIOACTIVE DETERMINATIONS 


Thickness of 


core material c/m 
(cm) 
0 51,036 
015 1,778 
22 681 
025 174 
4 66 
) eb, 
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FIGURE 5 
ESTIMATION OF CORE MATERIAL THICKNESS 


(CARDIUM SANDSTONE) WHICH COMPLETELY ABSORBS BETA PARTICLES 


0.2 0.4 0.6 0.8 1.0 


Core Material Thickness (cm) 


GEE TT LAIAET avi 


235) [RAS Atte éat3ati. TILES. I! 


vas 8.9 3.0% | 
7 a 
(m9) ensexste? Leben 


oo EE 


Effect of the Leached p< on Autoradiograms 


In order to place any emphasis on the autoradiograms as proof of 
bacterial migration, it is necessary to determine the effect of P2< 
which may have leached from the cells during the 48 hour period of 
migration. 

Previously, we established that the pee assimilation by the 
growing cells is approximately 40% of the pre originally present 
in the medium, (see Table III). It was also established that a 
maximun of 8% of the P°“ assimilated by the cells is lost during 
48 hours, (see Table VII). 

The effective porosity of a core will directly influence the 
volume of slurry which can enter the core and thus influence the 
radioactivity of the core whether due to assimilated or leached pre, 
Based on the effective porosity of a given core, the volume of slurry 
required to fill the available pore space in a cube of the core material 
having a face area of 1 square cm. and a thickness of 0.48 cm. 
(complete absorption of radioactivity occurs with this thickness, 
see Figure 5), was calculated, (see Appendix D). The amount of P2@ 
which could leach from the labelled cells into the supernatant of 
this volume of slurry was calculated. The results are shown in Table 
XII. These amounts of P2¢ were dried on 1 cm. square pieces of 
blotting paper. Radioactive counts emitted by the impregnated papers 
were recorded and the papers were then placed on a sandstone backing 
and put in direct contact with x-ray film in a light tight box for 
two weeks at which time the exposed film was developed. The auto- 
radiogram obtained is seen in Plate 1. Figure 6 shows the amount 


of pe dried on the papers and the locations of each impregnated 
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paper during exposure of the autoradiogram in Plate l. 


TABLE XII 


AMOUNT OF P9© (c)* WHICH COULD ENTER CORE VOLUMES 


(1 X 1 X 0.48 c.c.) OF VARIOUS EFFECTIVE POROSITIES 


Per cent CeCe pore space pe P2°/pore net c/m 
effective per 0.48 c.c. space as leach on dried 
Pore Space core cube surface 
@) @) @) @) 
“i 0048 -00000864 4 
2 -0096 -00001728 1% 
5 20240 -0000432 Zi: 
10 0480 -0000864 36 
Ade ~0720 0001296 60 
20 20960 0001728 95 


* Based on the range of per cent effective porosities, 40% of the 
available P?© being assimilated by the cells and 8% of the 
assimilated label being leached. 


sf ote ld fe 


ia ‘ @ > aor: 


ae 


cditiccaaeus es UCM 
ca mae a Cn OTE A 7 


> 7 | 


a ay i 
ms 


nts fom erou\ hia om g08 ai xe = . : ined 10 2 


beith mo dorel se soage 249 GA.0 


otf? to BOA,  cattteorog ovitostite teva ; 
ont to bme allen ons a 


~ 43 = 


PLATE 1 


EFFECT OF LEACHED pre ON AUTORADIOGRAMS 


_ ‘ 


FIGURE 6 
POSITION OF THE DIFFERENT AMOUNTS OF P?* 


USED IN THE AUTORADIOGRAM SHOWN IN PLATE 1 
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RESULTS 

Measurement of Bacterial Migration 

In the initial experiments, it was found that labelled bacteria 
did not accumulate near the outer surface of the core to the extent 
that their presence could be detected by radioactive measurements 
taken at the portals drilled through the epoxy coating. The effect 
of the core material thickness on the radioactive determinations 
has also been noted, (see Table XII). Therefore, in subsequent experi- 
ments radioactivity measurements were made on the split surfaces 
of the cores. 

Results obtained in the migration studies by: (1) replica 
growth of viable cells, (2) autoradiograms, and (3) radioactive 
measurements at the split surfaces are summarized in TablesXIII, 
XIV, XV, XVI and XVII. Autoradiograms indicating the locations 
of accumulated pe at the split surfaces of the various cores are 


shown in Plates 2 to 13. 
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PLATE 2 
AUTORADIOGRAM OF SPLIT SURFACE OF 


TWINNING FIELD, PEKISKO FORMATION CORE #1 


Direction of 


migration 


PLATE 3 


AUTORADIOGRAM OF SPLIT SURFACE OF 


TWINNING FIELD, PEKISKO FORMATION CORE #3 


Direction of 


migration 
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AUTORADIOGRAM OF SPLIT SURFACE OF 
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DISCUSSION 

In order to carry out a definitive comparative study of the 
rate of bacterial migration through petroliferous formations, a 
great deal more information concerning the core material is required 
than was available (see Table IX). Only the ranges of effective 
pore space and the respective permeabilities were available. Since 
permeability is a measure of the rate of fluid flow through a sub- 
stance and is not directly related to the effective pore space, these 
data are not sufficient. Thus, one might consider using per cent effect- 
ive porosities as a parameter for a comparative study. However, 
there are certain characteristics of the types of pores which must 
also be considered and in some cases, these can not be measured 
unless the formation isglit and studied by microscopy. The pore 
space of a rock can be divided into two kinds, the total pore space 
and the effective pore space. The total pore space is the total inter- 
stitial space and includes not only the communicating pores but any 
isolated pores that may exist, whereas the effective pore space 
includes only the communicating pores. The effective pore space is 
relative, depending on such factors as the constitutions of the liquid 
used for measurement, the size of the pores, the material of the rock, 
temperature and pressure. In a study such as this, one would be con- 
cerned with the effective pore space available to water under atmos- 
pheric pressure at 4°C. 

Considering either permeability or porosity as a parameter for 
comparison of migration rates, it is also desirable to know something 
of the types of pore spaces involved. These may be classified as 


(a) interparticulate, (b) vuggy and (c) fractures. The interparticulate 
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(either intergranular or intercrystalline) porosity is usually made 
up of tortuous tubules of varying diameters sometimes completely 
pinched off at one or both ends. The vugs are cavities that are 
distinctly larger than the size of the particles comprising the 
rock matrix and may either be associated with the tortuous tubules 
or be isolated. The presence of fractures has a great effect on the 
permeability and the effective porosity of a core. For example, a 
fracture could increase the permeability of a porous and otherwise 
relatively impermeable core many fold. The fractures found in any 
formation may or may not be present in the cores choosen for study. 
Not only must the physical characteristics of a formation be 
considered but also the chemical content as well, especially the 
amount and type of clay that may be present. In the study described 
here, dried cores were used. If clay which swells when esposed to 
distilled water was present in the core spaces, it would attract 
water at the beginning of the migration study and swell, thus 
plugging the core so that the bacterial migration would completely 
stop or at least be greatly decreased, (see Fekete, 1959). Clay 
content is mainly associated with sandstone formations. Samples 
from each formation were analyzed for expandable clay content.* 
Belly River, Viking and Cardium formations contained expandable 
clay materials which could affect bacterial migration. Pekisko 
formation had no swelling clays while Beaverhill Lake formation 
contained only traces. The complete analyses for expandable clay 


content in the different formations are given in detail in Appendix F. 


* The analyses were done by Bradford Laboratories, A Division of 
Calgon Corporation (Canada) Limited, Edmonton, Alberta. 
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The "silica effect" may also cause some plugging in the sandstone 
cores, (see Merkt, 1943). 

The per cent effective porosity of most reservoir formations 
ranges from 5 to 40 per cent and is most commonly between 10 and 20 
per cent. Carbonate reservoirs generally have a slightly lower 
porosity than sandstone reservoirs but the permeability of carbonate 
rocks may be higher, (see Levorsen, 1954). In sandstone reservoirs, 
the plugging effect caused by the swelling of clay may be the cause 
of reduced permeability. Samples from cores with the lowest permea- 
bility and those with the highest permeability from each formation 
used in our studies were analyzed for per cent effective pore space, 
(see Table IX). 

For a complete study of the characteristics mentioned, it would 
be necessary to analyze each core from the different formations since 
both the physical characteristics and the clay content would vary 
according to the depth from which the cores are taken, (see Waring 
and Layer, 1954). 

Since many of the above mentioned characteristics are not known 
for our cores, our experimental results only indicate whether or not 
bacteria can migrate through the petroliferous formations and the 
effect of the presence of oil on such migration. 

Carbon tetrachloride was used as the sole solvent for the 
extraction of the core oil. Using the method described, it can be 
said that all the core oil available to and extractable by carbon 
tetrachloride was removed. It is apparent from a study of the results 
shown in Table X that the extraction procedure did not leave any 


residues, in any of the cores, which were toxic to the bacteria 
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during 48 hours exposure. The non-extracted core materials also did 
not show any toxicity toward the bacteria in the same length of time. 

From the results in Table XI and Figure 5, it is evident that a 
large percentage of the Beta particles are easily stopped by even a 
O.15 cm. thickness of the core material. Complete absorption is 
estimated to occur when the core material thickness is 0.48 cm. 
Beta particles are almost entirely slowed down by their interaction 
with atomic electrons in the matter through which they passe The 
number of electrons per unit volume is very nearly proportional to 
the mass for the lighter elements in the Periodic Table (see Kamen, 
1957). For this study, Cardium Sandstone was used since it has an 
intermediate density as compared to the other formations. 

From the results shown in Plate I and the estimations in Table 
XII, it is suggested that if the assimilation by the cells is 40% 
(3 pc) of the available P?* and the cells lose 8% (0.24 pc) of the 
assimilated pe into the slurry supernatant, the leached pe could 
have an effect on the autoradiogram of the split surface of a test 
core which has an effective porosity of greater than 10%. From 
further examination of Plate 1 and the range of effective porosities 
for the different formations (see Table IX), it is evident that the 
leached P°* will have a limited effect in giving false postive 
results with autoradiograms of the split surface of some of the 
cores studied. However, it must be pointed out that the results 
shown in Plate 1 depict the maximum effect of the leached p22 which 
could enter the effective pore space since the amount of pe was 
dried on blotting paper and placed in direct contact with the x-ray 


film. Under these conditions, almost all of the P’© present would 
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be functional in exposing the x-ray film. Actually, under the 
experimental conditions when the autoradiograms are prepared, there 
would be a considerable amount of absorption of the Beta particles 
emitted from the P°* furthest removed from the split surface of the 
core, (see Table XI and Figure 5). 

Our results show that there is a high absorption of Beta part- 
icles by the core materials used, (see Table XI and Figure 5), and 
that only small volumes of the radioactive slurrys entered the cores, 
(see Appendix E). These findings could explain the fact that radia- 
tion could not be detected at the portals in the epoxy coating. Myers 
and McCready, (1964b), were able to use this method of tracing bact- 
erial migration effectively in cores of Berea Sandstone which have 
relatively large effective porosities and high permeabilities as 
compared to the cores used in the present experiments. 

From the studies on the leaching of pe by labelled cells (see 
Table VIII), it is evident that cells which are grown in medium with 
a higher specific activity assimilate more p2* and subsequently 
leach more. Thus, when using labelled cells for studying bacterial 
Migration, it is necessary to arrive at a balance where the maximum 
amount of p- is used in the medium so that the labelled cells will 
have a detectable radioactivity and yet have a specific activity low 
enough that the p-* leached from the cells will have only a minimal 
effect in giving false positive results in autoradiograms. Using 
autoradiograms for determining the extent of bacterial penetration 
has an advantage over the replica growth method in that the presence 
of accumulated labelled bacteria just beneath the split surface of the 
cores can be detected when the replica growth plate prepared from the 


suraface gives a completely negative result, (See Table XIII, Cores #11 
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and #13). The method of determining the extent of bacterial pene- 
tration by taking radioactivity counts along the split surface of 

the core is a little more accurate than the autoradiograms since 

it detects a lower concentration of radioactivity. However, both 
methods require the labelled bacteria to accumulate to a relatively 
high concentration at any given location, whereas the replica growth 
method will detect very small numbers of viable bacteria on the split 
surface. It must be emphasized that with the latter method, the 
bacteria must be viable and present at the surface to give a positive 
result. 

From the results summarized in Tables XIII to XVII and given in 
detail in Appendix E, it is apparent that the test organism, Serratia 
marcescens, can penetrate and migrate through (within 48 hours at 
atmospheric pressure) cores taken from various petroliferous forma- 
tions found in Alberta (see Table XIII, Core Nos. 2 and 4; Table XV, 
Core Nos. 1 and 4; Table XVI, Core Nos. 3 and 4), There is no apparent 
correlation between permeability, effective porosity or the presence 
of oil and the extent of bacterial migration during 48 hours in the 
cores studied. 

Different species of viable bacteria have been shown to be 
present in various petroliferous formations at different depths, 
(Zobell, 1952, 1959). It has been suggested that these bacteria were 
either indigenous to the oil bearing formation or had been introduced 
during drilling operations and became acclimatized to the higher 
pressures and temperatures. The possibility of bacteria being carried 
into the formation by the movement of ground water has also been 


suggested. Our experimental results show that bacteria which have 


-ens Lelyajom! “eo treike eds 


to sspbtya Shige oo gale ation 
SOnks mA mMolheootep She mart of on 
itod) ,tevawoll sy! ' vi sacra to vo bsaetaetn: newol @ etdeteb lt 
Ylovivtulay # of S/Sfummse og nino 10 Sted emt? enmiupet wbhodiem =~ ’ 
dtwor, catlget odd anoroty pnottsool “new, Gaie t0 noltertaesnop dpid 
tifge oft ne siestost sldety to avedmed ‘(ftine ‘iev toeveb [ftw bodtem 
nie  hoiem tegicl si) cttw sens bax bhasiqms od taum #7 seoettie 
; 
viritoe © evin ot oortiue of¥ Je doeneny Be eldety od dea mbretodd . 
| eo 
novee Sree TIVX of Flix cold ae fas inane ‘ed ties att move Ps 
sidevise ,Msinsny tes! od jand teaseage BE Ot (2 atbnegek oe Eeeset * 
‘es ansiod OW mistitiw) ceyromts essagdm ‘ea si stisnae sn99 eenereoo tan 
“AMOL aH tatliotsag nuoitey aor? coded eetbe ‘(onvessiq otteiquants 
(We -sldep 4) bra S sso oop’ .TTTX XK ofdte? o&6) socodli mb feuel® enotds 
iiesaaye of ei/stsAT (4 one © aca $200 AU obs 7? baat 608 sD - 
scetgeny al) 46 ysleoi0q evidestts he Lidaserton meoWsed aotielerrds 7 
oth ot await PA gotauh eodtorgin iniandOid Lo inedne es ie BROMO is 
. = 
1 v Chale ae tt 
ed 6 aWoHie tieed ovukt winetoud ps eine AD 


patiqed inaeeistit. tu. eaod ‘saxo 8 


Siew sivetond ‘eaph! duid betescaie ry fas 
beoubotins: ased fed to rc item} sith : ss 

trdgint edt n3 besissnitooe onapadll 

boivike gofed Abthiged to a 

Ated ogfs ‘ond tetaw bastorg ‘bedi 

sved robiw diestond tad voce id 


= 


~ Of os 


been found in cores taken from oil bearing formations could have 
migrated from another location provided required nutrient was present 
and suitable conditions of temperature and pressure existed. 

The presence of bacteria in petroliferous formations can be 
advantageous to the petroleum industry. Robinson (1963), discusses 
evidence for the biogenesis of petroleum hydrocarbons which is most 
clear in the younger oils. Since oil originates from organic matter 
and most organic matter is susceptible to microbial modifications, it 
is almost axiomatic that bacteria contribute to the process. Zobell 
(1950), gives evidence for the bacterial production of SehtaTA hydro- 
carbons and Neave and Buswell (1928), recorded the bacterial pro- 
duction of ethane in small quantities. Davis and Squires (1954), 
state that among gases produced by microbial fermentation of cellu- 
lose are large quantities of methane, from 3.2 to 7 pep.m. ethane, 
3.0 to 4.7 p.pem. ethylene, 0.66 to 0.14 p.p.m. propane and 0.13 to 
0.21 p.pem. propylene. Evidence that from 0.03 to 0.95 per cent of 
the carbon content of certain bacterial cells from marine materials 
consists of liquid and solid hydrocarbons was reported by Stone and 
Zobell (1952). Smith (1954), claims that this amount is adequate 
to account for the hydrocarbon content of recent marine sediments. 

An increase in the amount of liquid and solid hydrocarbons 
recoverable from diatoms undergoing degradation by anaerobic bacteria 
has been recorded by Clarke and Mazur (1941). Part of this hydro- 
carbon may have been produced by the bacteria but most of it was pro- 
bably released from the diatom matrix by bacterial decomposition. 
Similarly, bacteria are believed to be instrumental in the release of 


bound hydrocarbons from the decomposing remains of plants and animals, 
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many of which are known to contain hydrocarbons, (see Chibnall et al, 
1934). 

Zobell (1947 a, b), Suggests several ways in which bacteria aid 
in the liberation of oil from oil bearing materials and promote its 
flow or accumulation in reservoirs. These are : (1) Dissolution of 
the organic matrix by the bacteria or acids produced by them resulting 
in improved permeability of the rock favoring the movement or accumu- 
lation of oil, (2) Carbon dioxide, methane and hydrogen produced by 
bacteria promote the flow of oil by reduction of the viscosity of 
the oil by solution in the oil and by increasing the gas pressure, 

(3) Production of detergents by the bacteria (perhaps by the oxida- 
tion of hydrocarbons in the oil) which help to remove the oil, 

(4) Growing bacteria can temseionaly attach themselves to a solid 
surface and replace any oil that may have been there, and (5) Bacteria 
may also reduce the viscosity of the oil by direct chemical action 
upon the oil. 

On the other hand, the presence of certain micro-organisms in 
a petroliferous formation can be very costly to the petroleum industry. 
The oxidation of hydrocarbons by numerous species of bacteria, yeasts 
and molds is discussed in reviews by Zobell (1946, 1959) and Foster 
(1962). Other species of bacteria which normally lack the ability 
to attack hydrocarbons have been shown to adapt themselves to do so 
when exposed to oils for different lengths of time. 

Ashirov and Sazonova (1962), discuss the sealing of oil deposits 
in carbonate reservoirs as a result of the action of sulfate reducing 
bacteria. Their experiments confirmed that the rock microflora, 


particularly the group of sulfate-reducing bacteria at the oil-water 


az if mG teeth 5.4 aaogl nbeasod o 
; 


bet chrein@a Aplne « aqew Dacperen temag Ge 4 


eke a es 
sai vere? b60 wit cocen gel wes) Lis aegyt le we coiiensdht eld & 
obmereaus 41) : ert saat .aqZ Ba. Ody ehamuape 


2 
jan. ail VSO Pedidos abtoe fen geal ‘oid. at x aimee Miki 


ots To gat bh inte ogre vavengm al 
Mid 


it betohog, myorbys 4 clin , eSt gedine (=), tke te ap 


one 
Cf (22 OSESPO CT! LO Ant pune yA lo yo Wohl al spraicag abies 


poll 


- pied YO ti Deter ViE OF : Va 


eumests off of) rrivesconk gd bai Lio ony wl po ttulice vd ite edd : 

-it hire ase ES at mist yt Adnagrestwo tc solipubort (& 
‘Lip oft) @eseret vo! ofctt dotie. ULES Marae srulinoothes Ter ac 

bifae-« Haiesvivraenn: coadve cleus cfnm’ BPO @raecoAd yntwornd ( 
gitotneh (2) hak ,soeit) wer coved Geb tof ee yee tlget GAP ae 


inition Lhe iwiis 4064115 + cin gfe Te eee suecety el: esnkws onle f 


i) rnlntini-otteks nin mie: “jo aoodeney Be Saad sodae oe 20 7 
cVISeeas Qhefyisen shi 2° Seon yeu eel) Bee, peti rey enowiktorte 6 
esanhey »,oh esoetn TG eai.sc;a em ripnee ue ~ Kode. vung + o¢ whebiaw | od 
tye t aes — heeri aeorel) Siesey Ra th. peravaewhs "= abke 


Hipide oc fuck pilic=zes esl —_ by Da swe 4! 
aa oh of govisomed: “aras | hol ee 


ones ‘lo gutiwoyt Snes 

gtiecue® The i’ Gifises of+-aauseth (Se 
soko yh: sist fae 16. sciya= sh) te-Atka ba on! siebo sy edes 
Srokiona ke ate, 7%, ais ng 

‘ty da Cio orld th i ot tak 
Wee 


= Cle 


contact can, by their vital activity, produce secondary calcite, 
which filling pores and cracks, forms an impermeable layer isolating 
the pool from the underlying rock waters and adversely affecting the 
netebeene ere of the reservoir. 

It has been found that the so-called iron bacteria play a role 
in the corrosion of pipes and other iron structures in soil and water 
(see Doig and Wachter, 1951). The accomplish this by first utilizing 
ferrous bicarbonate, originating from the action of aqueous carbon 
dioxide on commerical iron and then producing a crust which separates 
regions where reducing processes are prevalent from those where oxi- 
dation takes place, (see von Wolzogen Kuhr, 1937, Starkey, 1945; 


Pringsheim, 1949, 1952; Updegraff, 1955; and Sharpley, 1961). 
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CONCLUSIONS 
(1) The results presented here conclusively show that bacteria can 
migrate through petroliferous formations whether oil is present or 
note 
(2) Although the extent of migration must depend on porosity and 
permeability, our results do not indicate any correlation between 
the degree of porosity or permeability and the extent to which the 
bacteria will migrate during a 48 hour period. Indeed, it seems to 
be almost impossible to make a true comparative study of the rates 
of bacterial migration through petroliferous formations due to a 
lack of knowledge of many of the characteristics of the formation 
which could obviously influence migration. 
(3) Because the different methods used for studying the bacterial 
migration measure different things or the same thing in different 
ways, complete correlation of the results from the different methods 
can not be expected, (e.g. replica growth and autoradiograms). How- 
ever, each method is essential to the complete study in that it 


provides some information which is not otherwise evident. 
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RECOMMENDATION 

During the month of March, 1964, 13,963,805 barrels of water* 
were injected into the different petroliferous formations of Alberta 
to aid oil recovery. Since water injection has continually been 
increasing in popularity as a method for oil recovery, there have 
been numerous papers published on the plugging of formations by 
bacteria present in the injection water, Lada, 1959; Beck, 1946, 1947; 
and Merkt, 1943. 

Numerous injection waters used in Alberta oil fields have been 
studied by Myers and Slabyj (1962), and found to be highly contam- 
inated with various micro-organisms which can be detrimental to the 
petroliferous formation (see Lada, 1959). Since the present study 
shows that bacteria introduced into a formation are capable of migrating 
some distance through the formation and accumulating at various places 
where they could produce undesirable effects, it is suggested that 
greater attention be given to microbiological control of injection 


waters. 


* See "Monthly Statistics", Alberta Oil and Gas Industry, March, 1964. 


Oil and Gas Conservation Board, Calgary, Alberta. 
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- 67.- 
APPENDPEX A 
MATERIALS 
Bacto Nutrient Broth 
POPECES bes sas Sdcaweeres es sie es cacqetheccae 5 Cm 
BROS BECTVACT. 660. cewe rte 6.06 6 nice MEE tae os OQ 
Prstilled Meter add to ..ssccccweseess 2000 ml 
GLUCOSE cecvececeeseeess. Fisher Scientific Company 
Reagent Grade, anhydrous d-glucose cat. No. D. 16 
COMICS COL 6 cc ccessscdsseecece HOUBMaNVille Company 
Amorphous Diatomaceous Silica Powder. 
Epon Resin 828 ........... Shell Chemical Company, a 
division of Shell Oil Company, Houston, Texas. 
Epon Curing Agent T-1l..... Shell Chemical Company, a 
division of Shell Oil Company, Houston, Texas. 
Kodak Medical X-Ray Film. 
F-3, Single weight paper for contact prints. 
PHOTOGRAPHY 
1. Developing Autoradiograms 
The exposed x-ray film was intermittently agitated in a 1:1 
Ansco Vividol developer with water solution for five minutes, 
neutralized in 1% acetic acid short stop bath for five seconds and 
finally fixed in the Ansco Acid Fixer with hardener for five minutes. 
2. Developing Contact Prints 
The exposed film paper was intermittently agitated in a 1:2 
Ansco Vividol developer with water solution for 2% minutes, 
neutralized in a 1% acetic acid short stop bath for five seconds 


and fixed in the Ansco Acid Fixer with hardener for five minutes. 
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IV EFFECT OF TIME ON THE VIABLE CELL COUNT AND THE AMOUNT OF 
p3¢ ASSIMILATED BY SERRATIA MARCESCENS INCUBATED IN A CONTROLLED 


TEMPERATURE WATER BATH SHAKER AT 30°C 


TABLE IV a 


MEASUREMENT OF RADIOACTIVITY IN THE GROWTH MEDIUM 


Sample c/m* m1 average calculated 
test medium c/m* m1 c/m* 210 ml 
medium 1 2 5 medium medium 
7 po P2°/210 ml 2604 2667 2613 2628 551,880 


* radioactivity in excess of background 
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A PPE HR DIX 2 

Example calculation of the amount of leached pe which could 
be present in a core volume having 10% effective porosity over a 
48 hour period if the labelled cells had originally assimilated 40% 
of the available P3¢ and leached 8% of the label during the 48 hour 
period. 

Initial pe concentration in medium = 7.5 pe p2-/150 m1 

If 40% available P?* assimilated by cells, then there is 3.0 
pe P-°/cells. 

The labelled cells are then suspended in 130 ml water. 

If 8% of the assimilated P°* is leached, (.08 X 3.0 = 0.24 ne Pp), 
into the supernatant, there are 0.24 yc p22/130 ml slurry or 
0.24/130 = 0.0018 pe P*“/ml supernatant. 

From the extrapolation in Figure 7, 0.48 cm is the maximal 
thickness of core material which allows the passage of Beta particles. 

Volume of a cube of core having dimensions (1 cm X 1 cm X 0.48 cm) 

= 0.48 cc. 

Effective pore space of above cube of core, if effective poro- 
sity is 10% | = 0.1 X 0.48 = 0.048 cc. 

If 8% of assimilated p2* is leached, then the amount of leached 
p22 which could be present in the pore space of above cube of core 


= 0.048 cc X 0.0018 pe P** 


0.0000864 ye P2*, 
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APPENDIX E 
Detailed study of the migration of labelled Serratia marcescens 
through oil extracted and non-extracted cores from the different 


petroliferous formations. 


I DETAILS OF MIGRATION STUDIES WITH CORES FROM 


TWINNING FIELD, PEKISKO FORMATION. 


TABLE Ia 


MEASUREMENT OF P2© AVAILABLE IN MEDIA 


Slurry c/m* ml media Average c/m* 150 m1 
for c/m* ml 
Core No. A 2 4 
1 4633 4618 4785 4697 701,850 
2 443% =4uso 6605 LL? 674,550 
3 Khho = h&sog 4673 kok, 681,150 
4 Au8h 4763 4562 4603 690 , 450 
5 4669 4704 4653 4675 701,250 
6 Kok 4138 4158 4113 616,950 
7 Au8h 4503 4ko5 LLG by 669 ,600 
8 4052 3998 ~=— 3970 4007 601,050 
9 4200 = 4267 4292 453 637,950 
10 4872 4823 4712 4802 720 300 
11 4636 4354 464 Shh 681,600 
12 4822 4878 4665 4788 718,200 
13 4539 4684 = 4533 4585 687 , 750 
14 KuS6& = AGB OT Khas 665,250 
15 4567 4522 4450 4513 676 ,950 


* radioactivity in excess of background 
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TABLE I f 
RADIOACTIVITY AT THE SPLIT SURFACE 


OF TWINNING FIELD, PEKISKO FORMATION CORES. 


Core Number 


+ 3 5 r 11 
c/m* c/m* c/m* c/m* c/m* 
87 20 14 0 25 
1 4 0 ) ) 
7 e) @) 

10 0 6) 


* radioactivity in excess of background. 
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ANALYSES FOR EXPANDABLE CLAY CONTENT IN THE DIFFERENT FORMATIONS 


Packed Slide-Gross Sample 


Cardium Formation, Core #2 


85-90% Quartz 


5% Feldspar, near orthoclase 


less than 5% Kaolin 


1- 2% Anhydrite 


less than 5% Illite-montmorillonite 


mixed layer material 


Oriented Slide, - 10 Micron 


35-40% Quartz 
35-40% Kaolin 
5% Illite 


5-10% Material X (see below) 


less than 5% Montmorillonite 


Material X may be either a beta-alumina, or a regular clay 


mineral of alternate illite and chlorite layers. It is completely 


unaffected by glycol treatment. 


The montmorillonite shows slight 


expansion with glycol, but less than normal for a swelling montmorill- 


onite. 


Beaverhill Lake, Core #2 
60-70% Calcite 
30-40% Dolomite 

approx. 3% Quartz 


No evidence of clay minerals 


Pekisko Formation, Core #6 


Major Calcite 
1- 2% Dolomite 
2- 32% Quartz 


No evidence of clay minerals 


60-70% Calcite 

30-40% Dolomite 

trace Illite, not expandable 
trace Montmorillonite, 


expandable 


Very small amount in this 
Sige range 

80% Calcite 

20% Kaolin 


No evidence of other clays 
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Belly River Formation, Core #4, -- Contains considerable organic 


matter. 
55-60% Quartz 30-35% Quartz 
20-25% Unidentified material 20-25% Kaolin 
(see below) 20-30% Illite plus mixed layer 
10% Kaolin (slightly expandable) 
10-15% Illite plus mixed layer 20-30% Montmorillonite - 


normal expansion 
The unidentified material appears to be an iron silicate, possibly 
hydrated. It does not appear in the -10 micron fraction, and is pro- 


bably not a clay mineral. 


Viking Formation, Core #5 


4O-45% Quartz 20-25% Quartz 
20-25% Unidentified material 20-25% Kaolin 
(see below) 25-30% Illite 
20-25% Illite-montmorillonite 25-30% Mixed layer material 
mixed layer approx. 5% Chlorite 
10% Illite 
5% Kaolin 


less than 5% Chlorite 

This sample contains the same unidentified material as the Belly 
River Formation, also the same type of organic matter. There is a 
broad band on the pattern of the gross sample, extending from illite 
to montmorillonite. There is a small sharp chlorite peak in the -10 
micron fraction, which is not altered by glycol. The mixed layer 


material expands from near illite to montmorillonite and somewhat 


beyond. 
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